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Abstract—High field magnets require the development and fab-
rication of large quantities of conductors with both high strength
and high electrical conductivity. This combination of properties can
be obtained from copper matrix composites either in macroscopic
or microscopic form. Deformation can strengthen these composites
further by either inducing dislocations or refining microstructure.
During deformation, the strengthening component either retains
its original shape or flows with the matrix, depending on its origi-
nal hardness. In general, a non-deformable component is initially
harder than one that deforms with the matrix. Co-deformation
in both component and matrix leads to very high strength levels
that are significantly greater than those that can be achieved in
composites strengthened by non-deformable components. Thus, to
properly choose a system for application in high field magnets, we
must consider the detailed mechanisms of strengthening that are
operative in materials with ultra-fine scale microstructure. In this
paper, we compare composites strengthened by either deformable
or non-deformable components and describe parameters for the
design and fabrication of materials selected for high field magnets.

Index Terms—High strength conductors, copper, deformation,
high field magnet, conductivity.

1. INTRODUCTION

IGH field magnets require high-strength and high electri-
H cal conductivity coils. The coils need the conducting wire,
areinforcement system, and an insulating material. An overview
of the materials requirements for a variety of magnet systems
including pulse magnets, quasicontinuous magnets, resistive DC
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magnets and hybrid magnets is given in the recent comprehen-
sive text and also in various volumes of the IEEE transactions on
magnetics since 1990 [1]—[4]. In the current paper, consideration
is given only to the development of the conductors required
for high field magnets. The major portion of the paper will be
devoted to comparison of high-strength composite conductors.
In those conductors, the codeformation behavior of matrix and
the strengthening component will be discussed in details.

High-strength conductors can be manufactured from ceramic
particle strengthened composites, where strengthening compo-
nent won’t be deformed with the Cu matrix [5]-[8]. These con-
ductors can also be made from macroscopic systems such as cold
deformed copper and structure materials and the deformation
of a variety of in situ composites [9]. The essential relations
to be established are between the design needs of the magnet
system, the structure and properties of the conductor, and the
methods of fabrication required to produce conductor systems
of the required dimensions. These aspects will be discussed in
separate sections of this paper.

The strength levels required in the high strength conductors
are of the order of 0.5 to 1.5 GPa, which is of the order of one
thirtieth of the shear modulus for copper bases alloys. Hence
the materials have strength levels within a factor of two or three
of the theoretical strength due to the extremely fine structures
developed by wire drawing. Thus it is appropriate to include in
this paper some consideration of the features which determine
both the strength and conductivity in these materials together
with a brief discussion of future areas of fruitful research.

II. METHODS
A. Materials

Most of precursors referred in this paper were made by
collaborators of the National High Magnetic Field Laboratory
(MagLab). Cold deformation and heat treatment were under-
taken in MabLab.

B. Testing Methods

Most mechanical tests were performed at 295 K and 77 K
on a 100 kN servo-hydraulic MTS test machine. In tensile
tests, the samples were loaded at a displacement control rate
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of 0.5 mm/min. An unload/reload cycle was performed to de-
termine the elastic modulus. Extensometers with gage length
between 10 and 25 mm were used to record strain, and a 100 kN
load cell to measure force. From the measured stress-strain
curves, both ultimate tensile strength (UTS) and 0.2% offset
engineering flow stress (YS) were recorded.

The resistivity measurements were performed on full cross-
sectional samples. Voltage taps were mechanically clamped
on the specimens at approximately 100 mm apart. Current
leads were attached to the ends of the specimens. After room
temperature testing, the samples and fixture were completely
submerged in a liquid nitrogen filled dewar. RRR is the value of
resistivity at room temperature over resistivity at 77 K. In total,
six samples were tested and the value reported is the average of
the measurements and is estimated to be accurate within +/—1%
TACS.

C. Microstructure Examinations

Microstructure was investigated by a Zeiss 1540XB and a FEI
Helios G4 UC field emission gun scanning electron microscopes
(FEG SEM), Energy Dispersion X-ray (EDX) spectrometers
were attached to both SEMs. Transmission electron microscopy
(TEM) observations were carried out using a JEOL 002 ARM
operating at 200 kV [10], [11].

II. RESULTS
A. Composite Conductors Before Cold Work

The fabrication of conductors starts, in most cases, with one of
three processes: solidification, consolidation, or sintering. In so-
lidified composites, the strengthening component is usually cre-
ated during both solidification and subsequent heat treatment. In
consolidated composites, the strengthening component usually
maintains its predesigned size and shape. Different fabrication
methods lead to different distribution patterns, density levels,
and particle shapes, each influencing strength levels to a greater
or lesser degree.

In our laboratory, one of the precursors used is GlidCop,
which is a group of copper-matrix conductors (All5, Al25 and
Al60) strengthened by alumina particles. These conductors have
relatively high strength in as-consolidated conditions. AllS5, for
example has an ultimate tensile strength level of 393 MPa and
0.2% offset flow strength of 324 MPa without any cold work.
Al 60 has even higher tensile strength (Fig. 1). Both of these
strength levels are much higher than can be achieved in most
other Cu matrix conductors that have not subjected to cold
work.

Because of the coarse microstructure of Cu—Nb in as-cast con-
dition [12]-[15], Cu—Nb composite ingots usually have lower
mechanical strength than Cu-alumina billets. Cu—Nb composite,
however, has much higher ductility and work-hardening rate
(Fig. 1). Therefore, if large deformation strain can be used,
it can achieve significantly higher mechanical strength than
Cu-alumina.

Because of the coarse microstructure of Cu—Ag in as-cast
condition, Cu—Ag ingots also have lower mechanical strength

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 30, NO. 4, JUNE 2020

500 ®
- 450 \\\
2 400 @
& 350
=3
S 300
| ¢ @ Ale0
3 250 —
2 500 (- JAI25
o

150 @-ﬁdﬁ—

100 lCu—lSwt%Nb, Segal et

50 al
0 T T T T )
0 10 20 30 40 50 60
Elongation (%)
Fig.1. Comparison of ultimate tensile strength levels of composite conductors

with deformable strengthening component and un-deformable strengthening
component. All5, Al25, and Al60 are conductors with alumina un-deformable
particles and denoted by large round solid circles. Their work-hardening rates
are relatively low. Cu—Ag is strengthened by deformable fibers and denoted by
small solid diamond, indicating that relatively small ingot is required in order
to achieve high strength. Cu-Nb is strengthened by deformable ribbons and
denoted by medium sized solid squire, indicating medium sized ingot is needed
to achieve high strength.

Fig. 2.
dicated by E) and proeutectic component. Both continuous precipitates (denoted
by CP) and discontinuous precipitates (denoted by DP) occur in proeutectic
component. The spacing between DP is about a few micrometers. The microbar
is 2 pm in the image.

Scanning electron microscopy image showing eutectic component (in-

than Cu-alumina billets (Fig. 1). In this case, however, Ag parti-
cles can sometimes precipitate out from the supersaturated solid
solution formed during casting, giving Cu—Ag ingots higher
mechanical strength than Cu—Nb ingots (Fig. 2) [16]-[19].

Cu—Ag composites have a higher work-hardening rate than
Cu-alumina, as well as sufficient ductility for deformation. They
have been found to achieve higher strength than Cu-alumina, but
not as high as Cu—-Nb.

We have observed both continuous and discontinuous pre-
cipitates in Cu—-Ag ingots. Using DSC in combination with
microstructure examination, we found that higher temperatures
with higher activation energies were often associated with a
great number of continuous precipitates (CPs) throughout the
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Fig. 3. Comparison of room temperature (RT) tensile strength (MPa) and RT
conductivity 100%IACS (International Annealed Copper Standard, 100%IACS
is equivalent to 1.724 p€2cm) of selected conductors in wire form; AllS5, and
Al60 are conductors with alumina un-deformable particles and denoted by large
round circles, C107 is Cu+0.085wt%Ag and is denoted by a large solid circle.
Cu-Ag, which has Ag content between 24-25wt%, is strengthened by Ag fibers.
Cu-Nb is strengthened by deformable ribbons and denoted by small sized solid
circles, indicating small cross-section conductors. All composite conductors are
in cold deformed condition.

Cu matrix. Lower temperatures with lower activation ener-
gies, however, were associated with a predominance of coarse
discontinuous precipitates (DPs), largely concentrated around
grain boundaries. CPs, because they are usually finer and oc-
cur in greater density, tend to have a greater strengthening
effect.

In ingots of as-cast condition, spacing between CP is as
fine as 0.1 pm, leading to relatively high strengthening effects.
Spacing between DP, on the other hand, is in micrometer scale
(Fig. 2). By doping the composite with other alloying elements,
we were able to achieve the effect of altering activation energies
and precipitation temperatures. This leads to changes in the
density and volume fraction of continuous precipitates in the
doped composite. An increased volume fraction of continuous
precipitates results in higher mechanical strength. The strength
level, however, is still below the requirement of most high field
magnets. Cold-deformation is required to enhance the mechan-
ical strength further.

B. Composite Conductors After Cold Work

High-field pulsed and DC-resistive magnets rely on copper al-
loys that combine high strength and high electrical conductivity
(HSHC). Researchers have been developing better HSHC ma-
terials for many decades. In US MagLab, most pulsed magnets
depend on four different HSHC materials. Conductors for these
magnets must have not only high strength and high conductivity
but also the capability of being fabricated in appropriate sizes. Cu
alloys doped with other alloying elements, such as 0.085wt%Ag
have been fabricated into wire with very large cross-section
area (see Fig. 3). In this paper, Cu alloys doped with less than
0.5wt% Ag are distinguished from other Cu—Ag composites by
the abbreviation Cu(Ag). These Cu(Ag) conductors are usually
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commercially available and can be made into very long wire with
very large cross-section area. Our tests indicated that this type
of conductor has electrical conductivity greater than 95% TACS.
Because of low alloy content, however, the strain hardening rate
is usually low in this material, yielding a maximum achievable
strength up to only about 0.5 GPa. At this stress level, the average
ratio of ultimate tensile strength (UTS) over yield strength
(YS) is below 1.05 £ 0.03, indicating that, because of dynamic
recovery and recrystallization, the composite has little room for
further work-hardening.

All5 billets, which are commercially available, can reach
higher mechanical strength than Cu(Ag). Our results indicated
that Al15 wires with cross-section close to 100 mm? could
reach mechanical strength greater than 0.47 GPa after cold
deformation. At this stress level, however, the average ratio of
UTS over YS was below 1.06 £ 0.03, alittle higher than Cu(Ag),
but still leaving little room for further work-hardening.

Al60 billets reached much higher mechanical strength than
All5 after cold deformation. These billets are commercially
available with copper cladding. Our results indicated that A160
Cu-clad wire with cross-section close to 30 mm? can reach
mechanical strength greater than 0.56 GPa after cold deforma-
tion. Without copper cladding, however, the mechanical strength
reached above 0.6 GPa in some cases, especially when deforma-
tion strain was greater than 75%. At this stress level, the average
ratio of UTS over YS was up to 1.09 £ 0.04, slightly higher
than for Al15. Al60 might be expected to have more room than
Al1S5 for further work-hardening, but this does not occur because
larger alumina particles (found using our TEM) cause the wire
to fracture before hardening.

We found that the conductivity values for Cu(Ag) and Glid-
Cop were both between 80 to 95% IACS. Even though alumina
is less soluble than Ag in Cu matrix, we found that, contrary to
our expectation, the conductivity of Cu(Ag) actually exceeded
that of alumina-strengthened Cu (Fig. 3).

We found that in our Cu—Ag composites with Ag content
higher than Swt%, strength greater than 900 MPa was achiev-
able. This type of composite, however, is not commercially avail-
able. After cold deformation, our Cu—Ag conductors reached
higher mechanical strength than either Al60 or Cu(Ag). The
maximum true strain for achieving high strength in our Cu-—
Ag conductors was only 4.8. Thus we were able to fabricate
wire with cross-section area greater than 40 mm? from rel-
atively small ingots (diameter ~0.1 meter). The conductiv-
ity of these wires was around 70% IACS (lower than either
Cu(Ag) or Al60) because of their higher Ag content and refined
microstructure.

After cold deformation, Cu-Nb reached higher mechanical
strength than any of other conductors that we tested. Our data
showed that Cu-Nb wire with cross-section area ~17 mm?
can reach mechanical strength greater than 1 GPa after cold
deformation [20]—[34]. This material, however, is not commer-
cially available in either ingots or billets. In order to reach
high strength, our wires were subjected to high deformation
strain, i.e., true strain greater than 10. To obtain such great
deformation strain values, we had to work with Cu—Nb that
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Fig. 4. Cross-section SEM image (image at the bottom) and area mapping
(image at the top) of a Cu—Nb conductor. Between sub-elements (grey areas
in SEM image) area copper claddings (dark lines). Copper cladding is also
surrounded the sub-elements. The cross-section area is different in different
locations (top image). At left side, the cross-section area of individual elements
is larger than the ones on right.

had been cladded and restacked. Restacking created bundles
(sub-elements) of nano-sized deformable ribbons. Because of
incompatibility between fcc-Cu and bee-Nb, heavy deformation
may generate inhomogeneous strain in different sub-elements,
leading to differences in ribbon spacing at macro-scale (Fig. 4).
This may lead to differences in mechanical properties in different
areas within a single conductor wire.

After removal of copper cladding, mechanical strength
reached above 1.1 GPa in heavily deformed Cu-Nb, and the
average ratio of UTS over YS remained higher than most of
the conductors we tested (1.4 4 0.1). Consequently, Cu—-Nb
composite has the potential to be work-hardened further to reach
even higher mechanical strength. Because of the high strength
level, however, conductivity was below 70% IACS.

C. Cryogenic Properties

The cryogenic property data reported here were all obtained
from materials after deformation because pulsed magnets, which
are usually made from cold-deformed conductors, are generally
operated at cryogenic temperatures. All the conductors we tested
showed higher mechanical strength at 77 K than at room temper-
ature. Dynamic recovery and recrystallization were suppressed
at 77 K, leading to higher mechanical strength.

RRR values for pure Cu are usually high, even in as-deformed
conditions [35]. RRR in Cu—Ag conductors was only ~ 3,
lowest among all the conductors studied in this work [36]-[40].
The reason is that the presence of dissolved alloying elements,
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of which Ag is one, reduces RRR values. RRR was higher
in Cu-Nb than in Cu-Ag because the Cu cladding in Cu—-Nb
remained pure and Nb was less soluble than Ag in Cu matrix.
Both Cu—-Ag and Cu-Nb contained deformable strengthening
components. This may be the reason why deformation reduced
the conductivity and the RRR of both materials. The RRR values
of both All5 and Cu(Ag) were higher than 4 because of low
content of alloying elements. GlidCop conductors contained a
non-deformable strengthening component, so cold deformation
had limited impact on either their conductivity or their RRR
values.

IV. DISCUSSION

A. Mechanical Strength

To achieve highest mechanical strength, the spacing between
the strengthen component has to be reduced to below 100 nm.
Such a fine scale is difficult to achieve in materials in either
as-consolidated condition or as-cast conditions. Severe plastic
deformation is therefore required. To achieve such a goal, the
materials need to have high ductility and high work-hardening
rate.

B. Electrical Conductivity

Even without introducing dissolvable alloying elements, re-
finement of microstructure can induce some dissolution of
strengthening component, particularly when the strengthening
component is deformable. Therefore, for a certain applications,
an optimized microstructure should be designed in order to
achieve optimized combination of mechanical strength and elec-
trical conductivity.

V. CONCLUSIONS

Conductors strengthened by non-deformable components
reached strength levels greater than 0.4 GPa in as-consolidated
form. Cold deformation had almost no impact on their conduc-
tivity. Consequently, these conductors could be used for pulsed
magnets after a relatively small amount of cold-deformation.
As-cast conductors strengthened by deformable components
had lower strength levels than those strengthened by non-
deformable components. Those with deformable strengthening
components, however, reached higher strength in as-deformed
conditions when deformation strain was also very high. De-
formation reduced electrical conductivity more in conductors
with deformable components than in those with non-deformable
components. In both types, mechanical strength and electrical
conductivity values were dependent on the volume fraction of
the strengthening component.
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